Applications of biosolids to grassland areas might alter the attractiveness of those habitats to wildlife. For the past 21 yr, biosolids have been applied annually to grasslands at Marine Corps Air Station (MCAS) Cherry Point, Havelock, North Carolina. During 2003-2005, we conducted a study to determine if the long-term application of biosolids has altered plant communities and/or wildlife use of grassland areas. Ten circular 1.7-ha plots were established: five plots served as controls (untreated) and five plots were located in areas that received biosolids. We monitored vegetation growth, measured plant community composition, and observed all plots for wildlife activity during December 2003 through December 2005. Long-term application of biosolids to grasslands at MCAS Cherry Point has altered the botanical structure and composition of those areas. Plant communities in grassland areas receiving biosolids were taller (P , 0.001), denser (P , 0.001), and less diverse (P , 0.001) than control areas that did not receive biosolids. Biosolids study plots were dominated by tall fescue (Lolium arundinaceum [Schreb.] S.J. Darbyshire), whereas control plots consisted of a diversity of grasses, forbs, and woody plants. We observed more (P , 0.001) total birds ? 3-min survey 21 using biosolids treatment plots (6.7 6 0.5 birds; x 6 SE) than birds using control (2.6 6 0.2 birds) plots. Species-specific differences in use of biosolids and control grasslands did occur and was often related to season. We observed no differences in white-tailed deer (Odocoileus virginianus) use of biosolids and control areas when examining information from two types of deer surveys. Long-term biosolids application to cool-season grasslands alters plant communities and favors use of those areas by some grassland birds.
INTRODUCTION
Municipal biosolids (i.e., treated and stabilized sewage sludge) are nutrient-rich organic compounds that result from the treatment of municipal wastewater. Land application of municipal biosolids provides benefits (e.g., fertilization and organic matter) to the receiving system, although the level of biosolids application to a given land area must be carefully monitored to avoid the accumulation of heavy metals and limit nutrient (e.g., phosphorus) run-off into groundwater and other aquatic systems (Levine et al. 1989 ; US Environmental Protection Agency [USEPA] 1993; Maguire et al. 2000) . Biosolids are commonly used as a soil amendment to agricultural lands (Lerch et al. 1990; Vasseur et al. 2000; Gaskin et al. 2003) to enhance rangeland plant production (Fresquez et al. 1990; Mata-Gozález et al. 2006) in forestry applications (Dutch and Wolstenholme 1994; Henry et al. 1994) , or in ecological restoration efforts of degraded lands (Sopper 1993; Moreno-Penaranda et al. 2004) .
Land application of biosolids into agricultural systems, rangelands, and degraded ecosystems (e.g., minesoils) typically results in improvements in soil fertility and increased plant biomass and cover, which is beneficial in regard to crop and forage production (Kiemnec et al. 1987; Cogger et al. 2001; Gaskin et al. 2003) , decreasing soil erosion (Meyer et al. 2004) , and restoring vegetation to ecologically disturbed areas (Sopper 1993; Moreno-Penaranda et al. 2004; Evanylo et al. 2005) . Biosolids act as a slow-release fertilizer and replenish organic matter and nutrients into impoverished soils (Fresquez et al. 1990; White et al. 1997) . Much of the research regarding land applications of biosolids has occurred on western rangelands in semi-arid environments, whereas the effects of biosolids application on vegetation within existing cool-season and native grasslands in the eastern United States is unknown.
Wildlife responses to the land application of biosolids, either short-or long-term, have not been well studied. Long-term applications of biosolids to grasslands and rangelands might alter the attractiveness of these habitats to wildlife by inducing changes in the characteristics of the plant communities contained therein. Such information is important for land use planners and wildlife managers attempting to assess the environmental impacts of biosolids application into grassland ecosystems and habitats.
The objectives of this study were to compare 1) plant communities, 2) bird use, and 3) white-tailed deer use of grassland habitats with and without the long-term application of biosolids. The National Wildlife Research Center Institutional Animal Care and Use Committee approved procedures involving birds and white-tailed deer (QA-1056).
METHODS

Study Site
We conducted this study from December 2003 through December 2005 at Marine Corps Air Station (MCAS) Cherry Point, Craven County, North Carolina (lat 34u549N, long 76u529W). MCAS Cherry Point is a US Dept of Defense aviation facility located on the south side of the Neuse River basin adjacent to Havelock, North Carolina, approximately 80 km inland from the Atlantic Ocean. Mean annual precipitation at the study area is 1 300 mm ? y 21 with 60% typically falling as rain during April through September (Goodwin 1989) . The average daily temperature during summer is 26.1uC. Soils on the study area consisted of Norfolk loamy fine sands (very strongly acidic, well-drained, moderate permeability), Bragg soils altered by construction methods (extremely acidic, well-drained, moderate permeability), and Rains fine sandy loams (extremely acidic, poorly drained, moderate permeability; Goodwin 1989) .
Grassland habitats on the MCAS Cherry Point airfield are managed in accordance with air safety regulations and mowed during the growing season. These grassland areas consist of a variety of plants, whose origins are likely from postairfield construction seeding efforts and from the herbaceous layer of Mesic Pine Flatwoods forest communities (Schafale and Weakley 1990) 
Biosolids Applications and Study Plots
In November 2003, we established five 1.7-ha control (untreated) and five 1.7-ha biosolids (treated) monitoring plots in the grassland areas of the MCAS Cherry Point airfield (Fig. 1) . Biosolids-treated monitoring plots were established in five separate areas within the 53.9 ha of the airfield grasslands that have annually received surface-applied lime-stabilized biosolids at a rate of 7.6 Mg ? ha 21 on a dry weight basis (using an average of 194 887 L ? ha 21 of water as a carrier) annually during a 17-yr period (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) . Biosolids applications were rotated among the areas through the year resulting in an average of two to three application times ? each individual area ? yr
21
. Control monitoring plots were established in five separate areas within the 530.9 ha of the grasslands on the airfield that have never received any biosolids. Individual plots were at least 0.5 km apart and were similar in distance to forested areas, runways, and other landscape characteristics. Plant communities in the plots were dominated by herbaceous vegetation, consisting of a variety of grasses, forbs, and woody plants.
Vegetation Measurements
Throughout the growing season (April through September), we measured plant community characteristics in all plots twice per month during 2004 and 2005 . During each plant community sampling effort, ten sample points were randomly selected in each of the 10 circular 1.7-ha plots using a random numbers table. At each sample point, we measured the maximum vegetation height by placing two 1-m sticks vertically 1.5 m apart with a string connecting the sticks . We adjusted the height of the string parallel to the top of the tallest plant under the string and recorded the distance from the string to the ground (centimeters). We also measured two visual obstruction readings (VORs) at each sample point (Robel et al. 1970) . Plant cover was sampled at six set points along the 1.5-m string used to measure vegetation height. The plant immediately below each sample point was classified into one of six categories: grasses (including sedges and rushes), forbs and legumes, woody plants (broadleaf, coniferous, and vines), other plants (e.g., lichens, mosses, ferns, and horsetails), bare ground, or litter (i.e., dead plant material, decomposing biosolids). Plant communities were further described by randomly establishing and sampling 30 1-m 2 herbaceous sampling plots of each of the control and biosolids-treated monitoring plots during spring 2004 (25-27 May), fall 2004 (4-6 October), spring 2005 (17-19 May), and fall 2005 (29-31 October). We visually estimated the total vegetative canopy cover (%), bare ground (%), litter (%), and canopy cover (%) of each individual plant species for each herbaceous sampling plot (Bonham 1989) . Plant species richness was determined by identifying and counting the total number of different plant species within each herbaceous sampling plot (Bonham 1989 ).
Animal Observations
Birds. Bird surveys (point-counts; Ralph et al. 1995) were conducted each month from December 2003 through December 2005, equally distributed among three different time periods (i.e., morning, mid-day, evening). Bird observations were conducted an average of 4.9 d ? mo 21 (range 5 1-9) starting at randomly chosen plots and times. We observed each circular 1.7-ha plot from a fixed point within 30 m of the plot for 3 min once during each bird survey. The number of birds observed on the ground or on a plant within the plot, flying and feeding over the plot, or flying over the plot was recorded by species and activity.
White-Tailed Deer. We estimated white-tailed deer (Odocoileus virginianus) use of the biosolids and control study areas using two methods. During the study (2003) (2004) (2005) , we conducted a total of 30 white-tailed deer surveys (18 surveys in 2004; 12 surveys in 2005) associated with the circular 1.7-ha control and biosolids-treated study plots. White-tailed deer surveys began approximately 30 min after sunset. During each survey, we used a pick-up truck to travel to each of the five control and five biosolids-treated study plots. Using a 1 000 000 candle power spotlight, two observers examined each study plot for a 3-min period and counted the total number of whitetailed deer observed within each plot. In addition to the deer surveys conducted in the study plots, we evaluated historical and concurrent MCAS Cherry Point airfield white-tailed deer surveys (n 5 140; 2.0 surveys ? mo
21
) conducted by USDA Wildlife Services during 2000-2005. The entire white-tailed deer spotlight survey route was approximately 26.2 km in length and was divided into 14 distinct areas. We identified 8 of the 14 areas, four located within areas that did not receive biosolids applications (e.g., control areas) and four located within areas that received biosolids applications (e.g., biosolids-treated areas) and examined these data to determine if differences occurred between these areas in the relative abundance of white-tailed deer. The spotlight survey routes in the selected control and biosolids areas were both a total of 5.0 km in length.
Statistical Analyses
Vegetation data (mean vegetation height, VOR, plant community composition) were non-normally distributed and could not be transformed satisfactorily. We used Mann-Whitney U tests (Zar 1996) to compare plant community characteristics between control and biosolids plots for 2004 and 2005 independently.
We wanted to consider only birds actually associated with (e.g., using) the plots and thus removed birds with the ''flying'' activity codes from the data prior to analyses. Additionally, we assigned all birds observed using the control or biosolidstreated monitoring plots into foraging guilds using a standard classification (DeGraff et al. 1985) . The bird observation data were not normally distributed and could not be transformed satisfactorily. Therefore, we compared bird use between control and biosolids-treated monitoring plots using Mann- 
64(2) March 2011
Whitney U tests (Zar 1996) . We compared the proportion of birds within foraging guilds using control and biosolids-treated monitoring plots using comparison of proportions tests (Zar 1996) .
Due to the nature of our white-tailed deer data from the control and biosolids-treated monitoring plots (i.e., limited number of total deer observations), we provide only descriptive statistics. The historical and concurrent white-tailed deer spotlight survey data were non-normally distributed. We compared white-tailed deer relative abundance between control and biosolids areas using a Mann-Whitney U test (Zar 1996) . We also compared white-tailed deer abundance among seasons of the year using Kruskal-Wallis tests (Zar 1996) . We considered differences significant at P # 0.05 and conducted all analyses using SAS statistical software version 9.1 (SAS Institute, Cary, NC). Data are presented as mean 6 1 standard error (SE).
RESULTS
Plant Communities
Mean maximum vegetation height during 2004 differed (P , 0.001) between the biosolids (treated) and untreated (control) study plots. Vegetation in the biosolids plots (52.7 6 1.7 cm) was taller than vegetation in the control plots (44.4 6 1.4 cm). Similarly, the mean VOR of vegetation in the biosolids plots (24.1 6 1.0 cm) was greater (P , 0.001) than the mean VOR of vegetation in the control plots (15.0 6 0. (Table 1) . Total vegetative canopy cover (P 5 0.55) and litter levels were similar (P 5 0.19) between control and biosolids study plots during fall of 2005 (Table 1) . On average, grassland areas that did not receive biosolids had twice as many plant species ? m 22 compared to areas that received biosolids (Table 1) . Both control and biosolids-treated grasslands were comprised of a high proportion of grasses, with forbs, legumes, and woody plants comprising a smaller part of the vegetation (Fig. 2) . Control plots were dominated by a variety of grasses (e.g., little bluestem, Panicum spp. L., hairy crabgrass), forbs (e.g., goldenrod), and woody plants and vines (e.g., poison ivy, Virginia creeper), whereas tall fescue, bahiagrass, and trumpet creeper comprised the majority of vegetation in the biosolids study plots. Tall fescue cover was 2.4 to 5.5 times higher (all P # 0.001) in the biosolids-treated monitoring plots than in the control plots during spring and fall of 2004 and 2005 (Table 1) .
Animal Responses
Birds. During 118 avian point-count surveys, we observed a total of 6 390 individual birds, representing 66 different species. A total of 884 (13.8%) of these birds were categorized as ''pass flying,'' a behavior that did not appear to be associated with a study plot. Consequently, these birds were removed from the dataset prior to further analyses. Overall, we observed birds 5 506 times that exhibited a behavior associated with the study plots (e.g., on the ground in the plot). Fifty-five different bird species were observed, but Eastern meadowlarks (49.8% of observations), European starlings (18.4%), American robins (4.5%), and barn swallows (3.2%) were the species most frequently observed during the study (Table 2) .
We observed more (P , 0.001) birds ? 3-min survey 21 using (i.e., on the ground or on plants) study plots that received biosolids (6.7 6 0.5 birds) than using untreated control plots (2.6 6 0.2 birds). The diversity of bird species using biosolidstreated and control monitoring plots was similar. We observed a total of 47 individual bird species using the biosolids-treated monitoring plots, whereas we observed a total of 44 individual bird species using the control plots over the 25-mo period.
Species-specific variation occurred in bird use of study plots that received biosolids and those that did not (control). Although many bird species and guilds did not appear to exhibit a preference between biosolids-treated and control monitoring plots, some patterns were evident (Table 2) . Eastern meadowlarks, European starlings, and American robins were more commonly observed using biosolids plots than control plots, whereas swallows (of several species) were observed using control plots more than biosolids-treated monitoring plots during the study. Furthermore, across the year, bird use of control and biosolids-treated plots varied among the species. Swallows used control plots primarily during summer months (May through July). Eastern meadowlarks used control and biosolids-treated monitoring plots throughout the entire year, whereas European starlings and American robins were observed in biosolids plots primarily during winter months (Fig. 3) .
Compared to control (untreated) areas, a higher (P , 0.001) proportion of omnivorous ground foraging birds and a lower (P , 0.001) proportion of insectivorous aerial foraging birds used biosolids-treated monitoring plots during this study (Fig. 4) . The proportion of birds within the carnivore, granivore, and insectivore: ground gleaner feeding guilds using the control and biosolids-treated monitoring plots were similar (all P . 0.05). Swallows include barn swallows (Hirundo rustica), bank swallows (Riparia riparia), cliff swallows (H. pyrrhonota), rough-winged swallows (Stelgidopteryz serripennis), tree swallows (Tachycineta bicolor), chimney swifts (Chaetura pelagica), and swallows of unknown species.
3
Shorebirds include black-bellied plovers (Pluvialis squatarola), common snipe (Gallinago gallinago), greater yellowlegs (Tringa melanoleuca), and killdeer (Charadrius vociferus).
4
Songbirds include 19 species of songbirds. 5 Blackbirds include red-winged blackbirds (Agelaius phoeniceus), common grackles (Quiscalus quiscalus), and brown-headed cowbirds (Molothrus ater).
6
Gulls include ring-billed gulls (Larus delawarensis), herring gulls (L. argentatus), and laughing gulls.
7
Raptors include American kestrels (Falco sparverius), bald eagles (Haliaeetus leucocephalus), Northern harriers (Circus cyaneus), osprey (Pandion haliaetus), red-tailed hawks, sharp-shinned hawks (Accipiter striatus), and raptors of unknown species.
8
Crows include American crows (Corvus brachyrhynchos) and fish crows (C. ossifragus).
9
Herons and Egrets include cattle egrets (Bubulcus ibis) and great blue herons (Ardea herodias). 
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White-Tailed Deer. During the white-tailed deer surveys (n 5 30) conducted within the 1.7-ha study plots during 2004 and 2005, we counted a total of 28 white-tailed deer (23 in control plots and eight in biosolids-treated monitoring plots). The relative abundance of white-tailed deer observed in sampling areas associated with long-term biosolids applications (1.6 6 0.1 deer ? km driven 21 ) was similar (P 5 0.94) to the relative abundance of deer observed in sampling areas that did not receive biosolids (1.6 6 0.1 deer ? km driven 21 ) during airfield spotlight surveys for white-tailed deer (n 5 140) at MCAS Cherry Point during 2000-2005. White-tailed deer use of the grasslands on the airfield varied (P 5 0.003) by season; more deer were observed in winter and spring than during fall (Fig. 5) .
DISCUSSION
Long-term application of biosolids has resulted in significant changes to the plant communities within grassland habitats on the MCAS Cherry Point airfield. Grassland areas where biosolids have been applied are taller and denser in structure, contain more tall fescue, and have lower plant species diversity than grassland areas where biosolids have not been applied. Tall fescue is a cool-season perennial sod-forming grass that grows well in temperate climate areas of the United States and is unattractive to many species of grassland wildlife (Barnes et al. 1995; Washburn et al. 2000; ). Tall fescue is extremely competitive and can develop into monocultures, crowding out other plants (Barnes et al. 1995; Washburn et al. 2000) . In the biosolids-treated areas, tall fescue appears to have responded very favorably to the high nutrient inputs (e.g., fertilization), potential changes in soils, and other factors associated with biosolids application (Kiemnec et al. 1987; Fresquez et al. 1990; Cogger et al. 2001) . Likely, most other plants were competitively excluded from these areas due to the increased growth of tall fescue. Simpler plant communities (e.g., low in structural and plant species diversity) provide fewer foraging opportunities for wildlife, either by providing little forage for herbivores or by having less diverse insect communities available for insectivorous birds (Burger et al. 1990; Millenbah et al. 1996) .
Plant community characteristics, such as the density and structure of vegetation, have been shown to influence bird use of grassland areas (Frawley and Best 1991; Delisle and Savidge 1997; Norment et al. 1999; Fisher and Davis 2010) . Differences in plant community characteristics between grasslands that received biosolids and those that did not resulted in species-specific patterns of bird use between the biosolids and control plots in this study. Eastern meadowlarks were the most abundant bird using grassland habitats on the MCAS Cherry Point airfield. Meadowlarks (omnivore: ground forager) were commonly observed using both control and biosolids-treated grasslands throughout the year, although they were nearly twice as abundant in biosolids-treated areas compared to control areas. These birds were likely using the denser vegetation (primarily tall fescue) in the biosolids-treated monitoring plots for nesting, singing perches, or foraging (Bollinger 1995; Lanyon 1995; Warren and Anderson 2005) . American robins (omnivore: ground forager) and European starlings (omnivore: ground forager) were observed primarily during winter months (e.g., December to March) and almost exclusively in plots that received biosolids, potentially because these grasslands provided a specific foraging opportunity for these species (e.g., plant seeds or insects). In contrast, swallows used control plots (insectivore: air screener) more than biosolids-treated plots, suggesting that the insect resources associated with untreated grassland areas were more favorable to these birds.
White-tailed deer did not exhibit a preference between control and biosolids-treated grasslands and used both grassland habitat types equally. The majority of white-tailed deer diets are comprised of broad-leaved herbaceous plants (e.g., clovers [Trifolium spp. L.], common dandelion [Taraxacum officinale G. H. Weber ex Wiggers]) and woody plants, with relatively small amounts of grass consumed (Nixon et al. 1970; Korschgen et al. 1980; Rose and Harder 1985) . found that decreasing forbs and legumes (via herbicide applications) reduced white-tailed deer use of cool-season grasslands. The biosolids-treated grassland areas were dominated by grasses, which resulted in low amounts of forage available for white-tailed deer in those areas. In contrast, control grasslands had more plant species diversity and thus potentially contained more forage for deer. Interestingly, differences in available forage resources within biosolids-treated and control grassland areas did not appear to influence use of those areas by deer. White-tailed deer were observed in the grasslands on the MCAS Cherry Point airfield throughout the year, but used those grassland habitats more during winter and spring months. Overall, the distribution of white-tailed deer using grassland areas on the airfield appears to be related to natural corridors and landscape features rather than the specific botanical composition of airfield grassland habitats. Not unexpectedly, white-tailed deer typically used grassland areas located further from areas of high human activity (e.g., aircraft hangers, buildings).
MANAGEMENT IMPLICATIONS
Long-term application of biosolids to grasslands altered plant community characteristics and wildlife use of study plots. Overall, long-term application of biosolids resulted in plant communities that were simpler in botanical composition. Responses by grassland wildlife to long-term biosolids application and the associated changes in vegetation were speciesspecific and related to foraging guilds of grassland birds. Additional research is needed to determine if and how plant community and wildlife responses to land application of biosolids might vary among exotic and native grassland and rangeland system types, among geographic areas, and among other species of wildlife.
Land managers and planners considering the use of grasslands as a disposal site for municipal biosolids should also consider wildlife responses (both potentially positive and negative) during decision-making processes and cost-benefit analyses. Depending on the goals and objectives associated with wildlife resources within exotic cool-season and native grasslands areas, disposal of biosolids might be a useful mechanism for accomplishing species-specific habitat management objectives for grassland wildlife, in particular for certain grassland birds.
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